INTRODUCTION
The distribution of bacteria, ATP, Metal logenium morphotypes and manganese-oxidizing activities were studied in Lake Washington, Seattle, WA, U.S.A. In accordance with earlier studies, we have found that Metallogenium morphotypes show a stable seasonal distribution in Lake Washington. We have used 54Mn(II) tracer studies coupled with poisoned and no-oxygen controls to demonstrate that biological manganese oxidation was not linked to the numbers of Metallogenium morphotypes. The data suggest that these morphotypes do not contribute significantly to the biological oxidation of manganese in Lake Washington.
The role of microorganisms in the oxidation of manganese in nature has often been a subject of speculation, and manganese-oxidizing bacteria have been implicated as agents of importance in lakes, oceans, pipelines and freshwater streams [1] . That microorganisms oxidize manganese has usually been inferred from studies of the abundance of the suspected microbes, although recently microbial activities have been measured directly using 54Mn(II) as a tracer, and either poisoned [2] [3] [4] [5] or no-oxygen [6, 7] controls as a measure of Mn(II) removal due to exchange, adsorption and autooxidation of the radioactive label. The success of these poisoned control methods suggests that it should be possible to distinguish between biological and chemical oxidation of manganese in many different environments and situations [4] .
One situation of particular interest involves Metallogenium, a stellate organism or morphotype [8] [9] [10] that has been observed in a variety of freshwater environments [11] [12] [13] [14] [15] [16] [17] [18] . These morphotypes often are found in abundance in stratified freshwater bodies and sediments, and are commonly encrusted with manganese oxides. These Metallogenium is actually a living organism [15] [16] [17] . The measurement of inhibitable manganesebinding activities by Metallogenium in nature using poison and no-oxygen control methods [2] [3] [4] [5] [6] [7] would support the hypothesis that the organism plays an important biological role in the manganese cycle. Because manganese-oxidizing bacteria in general [19] , and Metallogemurn in particular [15] , are abundant in Lake Washington, this environment seemed to offer an ideal experimental site to investigate the biological and chemical activities of Metallogenium. We report here studies of the distribution of bacteria, total biomass (ATP), Metallogemum morphotypes, and manganese-oxidizing activities in Lake Washington.
MATERIALS AND METHODS

Sampling
The sampling station was located in Lake Washington offshore from Madison Park, Seattle, WA U.S.A, and had a depth of approx. 60 m. Water samples were collected from three to four depths from the bottom 20 m of the water column using an ethanol-washed 3-1 Van Dorn bottle on two occasions in 1981 (27 October and 9 November), and one occasion each in 1982 (14 October), 1983 (6 June), and 1984 (16 August). These samples were placed in sterile 1-1 polypropylene bottles and stored on ice for transport. Subsamples (10-ml) were fixed on board with formaldehyde (final concentration, 2%) immediately after collec-tion for direct counts of total bacteria. Temperature profiles were taken with a thermistor attached to a YSI 51A meter (Yellow Springs Instrument Co., Yellow Springs, OH) except for the 6 June and 16 August samplings, when temperatures were recorded from a hand-held thermometer placed in the Van Dorn bottle immediately upon retrieval.
Chemtcal analyses
Dissolved oxygen (DO) and pH profiles were generously provided by W.T. Edmondson. DO was determined by the Winkler method [20] and pH was determined in the laboratory using a standard pH probe. DO was determined separately for the 1984 sampling by a modification of the Winkler method [21] .
Dissolved manganese(II) (that which passes through a 0.2-/~m membrane filter) was measured by direct injection into a graphite furnace with Zeeman background correction on a Perkin-Elmer 5000 atomic adsorption spectrophotometer. Particulate manganese (that which is retained on a 0.2-t~m membrane filter) concentrations were measured by filtering 60 ml subsamples and placing the filters in 5 ml distilled water with 0.1 ml 6M HC1. The filters were allowed to soak for 5 days, during which time the filters changed color from brown to white. Duplicate samples were then analyzed for Mn(II) colorimetrically by the method of Brewer and Spencer [22] .
Microbiological analyses
Subsamples of 0.1 ml and/or 0.05 ml from each water sample were used to inoculate in quadruplicate spread plates of casein-peptonestarch (CPS) agar [23] modified by the addition of 0.02% MnSO 4. H20. Plates were incubated at 20°C for at least 28 days after which time the number of colony-forming units (cfu) were counted. At this time, half the plates were flooded with benzidine dihydrochloride to detect the number of cfu that exhibited the ability to oxidize manganese. Colonies that turned blue were scored as manganese oxidizers [24] .
The total number of bacteria from fixed samples was enumerated using an acridine orange direct count (AODC) with epifluorescence microscopy as described by Hobbie et al. [25] . In samples collected on the last four dates, the number of cfu and total bacteria were counted both in whole water samples and in filtrates that passed through a 5.0-/~m pore-size filter (Nuclepore).
The diameter of Metallogenium morphotypes in Lake Washington ranges between 10 and 20 /~m [15] and the number of morphotypes ( Fig. 1) were estimated by direct enumeration. An unfixed subsample of 5 ml was filtered through a 5.0-/~m pore-size filter (Nuclepore, 25 mm diameter) and the filter examined in a phase contrast microscope at 1250 × magnification. Counts were made in 50-80 fields of view.
Total living biomass was quantified by measuring ATP on the last three sets of samples. Subsamples of 100 and 250 ml from each depth were filtered in triplicate through glass fiber filters (Reeve Angel 984 H), which were then extracted in 5 ml of boiling phosphate buffer (60 mM phosphate, pH 7.4). Samples were frozen for later quantification with the firefly luciferin-luciferase bioluminescence assay [26] . 
Manganese binding and oxidanon activity
Profiles of Mn(II) binding activity were made in Lake Washington in order to determine the location of areas of biological Mn(II) removal. Prior to the 16 August 1984 sampling, from each depth, 4 subsamples of 5 mi each were placed in 15-ml sterile plastic test tubes (Falcon). Two of these tubes were used as experimental replicates, and the other two were poisoned with 0.1% sodium azide. This treatment has been previously shown to effectively inhibit the activity of manganeseoxidizing bacteria without interfering with the solution chemistry of manganese [4, 5, 27] . The experiments were initiated with the addition of 1 /~Ci of carrier-free 54Mn(II) (7.94 Ci/mg; New England Nuclear) to all of the tubes, except on 18 October 1983, when 0.2 /~Ci of carrier-free 54Mn(II) was added. At predetermined times, duplicate 0.1-ml samples were removed and filtered through 0.2-/zm pore-size Nuclepore filters. These filters were washed by filtration with 2.5-ml filtered (0.2-~m pore-size) Lake Washington water, and both the filters and the filtrates were counted in a Beckman Biogamma II counter. In the second experiment (9 November 1981), samples for manganese activity were obtained only from the three lowest depths sampled (50, 55, and 58 m). In those samples that had azide-inhibitable 54Mn(II) oxidation, the half-turnover times were calculated. An additional control was included in the last 4 experiments; one set of samples was prefiltered with 5.0-/~m filters (Nuclepore) to remove the large particles before the experiment was initiated by the addition of radioisotope.
For the 16 August 1984 sampling, care was taken to incubate samples at near in situ dissolved oxygen and pH, and an additional control lacking 02 was carried out [6] . Triplicate 265-ml water samples from 40, 50, 55 and 59 m depths were placed in acid-washed 500-ml Erlenmeyer flasks, and sparged vigorously for at least 5 min with 1% CO2/99% N 2 using acid-washed pyrex gas dispersion tubes inserted through 2-hole stoppers. One flask was then connected to a CO2/N 2 gas mixture (no oxygen incubation) with the CO 2 tension adjusted so that the pH was the in situ value (pH 7.1; the CO 2 content was approx. 3000 ppm). The other two flasks were connected to O2/CO2/N 2 gas mixtures (in situ oxygen incubations) to mimic the in situ oxygen (0.3 mg-at/1) and pH (7.1) conditions. All gas mixtures were prepared using gas mixing pumps and gas proportioners. Oxygen was supplied by an air pump, and N 2 and 1% CO2/99% N 2 from compressed gas cylinders.
After the pH had stabilized in all the flasks (about 1 h), sodium azide was added to one of the in situ oxygen incubations to a final concentration of 0.1% from a fresh 10% stock solution (pH 7.1). 6/~Ci of carrier-free 54Mn(II) (35.4 mCi/mg; New England Nuclear) were added to each flask to initiate the experiments. Triplicate 1-ml samples were removed and placed in gamma-vials for a measure of the total radioactivity, and triplicate 5-ml samples were removed, filtered through 0.2-/~m membrane filters (Gelman) and washed (by filtration) with prefiltered (0.2 /~m) Lake Washington bottom water (55-59 m) for a measure of the bound radioactivity. The fraction of S4Mn(II) bound as a function of time was then calculated. This value times the measured Mn(II) concentration is the amount of 54Mn(II) bound. The amount of Mn(II) oxidized is the difference between the amount of 54Mn(II) bound in the in situ oxygen and no oxygen incubations [6, 7] . The use of no oxygen controls, by themselves, do not directly demonstrate biological Mn(II) oxidation, but do allow correction for the amount of the 54Mn(II) tracer that exchanges with the different Mn(II) pools [6, 7] . However, by combining these (no-oxygen) controls with poisoned (azide) controls, Mn(II) oxidation due to the metabolic activities of microorganisms can be demonstrated.
RESULTS
Lake Washington profiles
The profiles of DO, temperature, pH, total bacterial counts (AODC), numbers of cfu, and numbers of Metallogenium morphotypes for the five different sampling dates are presented in Figs. 2 and 3. Temperature profiles showed the lake to be thermally stratified at each sampling. DO and pH profiles, provided by W.T. Edmondson for similar samplings (except for the 6 June and 16 August sampling), indicated that aerobic conditions existed throughout the water column and the pH of the water ranged between 6.5 and 7.7. AODC of bacteria showed populations to be between 0.61 × 10 6 and 1.33 x 108 cells m1-1. The highest concentrations of bacteria at each sample collection were found in the deepest sample collected. AODC of the 5.0-/~m filtrates from the later samplings indicated that most of the total bacteria were able to pass through the filter, with the exception of a 60-m sample from 6 June 1983. This subsample collected for the AODC contained some sediment material. (Because of this sediment material, another cast was taken at 59 m and all other analyses were performed using this). ATP measurements from the later samplings indicated that the maximum living biomass in the samples collected was located in the epilimnion (10 m; not shown). The levels of ATP in the deeper samples were lower, but indicated an increase in biomass just above the sediments.
We found, as previously reported [15] that Metallogemum morphotypes showed a strong seasonal and spatial distribution, with relatively high numbers occurring in the lower 15 m of the water column during August-November (before the Autumn turnover). In June 1983, as expected, the numbers of morphotypes were an order of magnitude lower than during the August-November period. Metallogenium morphotypes were observed in numbers ranging from 0.2 to 2.8 × 103 morphotypes m1-1. No morphotypes were observed above 40 m during any of the sample collections examined.
Manganese-oxidizmg activity
The numbers of manganese-oxidizing bacteria (cfu) found in samples are presented in Figs Biologically mediated manganese oxidation activity was demonstrated by azide-inhibited and oxygen-dependent removal of 54Mn(II) from solution with concomitant collection of counts onto 0.2-/~m pore-size membrane filters. The amounts of Mn(II) bound for the 16 August 1984 sampling are presented in Fig. 3 , and the azide-inhibitable half-turnover times of the SaMn(II) added in the other samplings are summarized in Table 1 . The values from the 16 August 1984 sampling are the Fig. 3) .
Prefiltering of the water collected on 14 October 1982 through a 5.0-/~m pore-size Nuclepore membrane filter, removed the azide-inhibitable activity that was observed in unfiltered 55-m and 60-m samples ( Table 1) . No activity was observed in either unfiltered or prefiltered samples collected on both 9 November 1981 and 6 June 1983. On 16 August 1984, size fractionation of samples after 43 h showed that for the depths from 40-55 m, between 25-60% of the Mn(II) bound or oxidized was greater than 5 /~m, depending on the control Table 2 Results of size fractlonatlon of bound 54Mn(II) in samples collected on 16 August 1984 after incubation for 43 h At the end of the incubation penod (43 h) 5-ml subsamples were filtered m triplicate through 02-/~m (Gelman) and 5-/~m (Nuclepore) filters and processed as described in MATERIALS AND METHODS.
Depth
Filter pore Difference in % bound at 43 h a % 54Mn(II) bound or oxadlzed (m) sxze (/~m) between: that is > 5/zm b based on:
In control incubation (no 02, or azide) is subtracted from the % of that is > 5 gm xs calculated from the ratio of the % bound by the used, while at 59 m, 95% was greater than 5 /~m ( Table 2) .
DISCUSSION
As is generally found in moderately productive lakes [28] , the total number of bacteria (AODC) and microbial biomass (ATP) in the hypolimnetic samples from Lake Washington showed an increase in levels in the deepest sample collected, just above the sediment-water interface. Our data indicate that microorganisms play an important role in the oxidation of manganese in Lake Washington during certain periods of the year. Prior to 1984, azide-inhibitable manganese oxidation, when observed, was found in the two deepest samples collected (Table 1) . Specific Mn(II)-binding rates could not be calculated, however, because dissolved Mn(II) was not measured. Because the sediments in Lake Washington become anaerobic within the top few centimeters [29] , these results suggested that the rates of biological manganese oxidation in this lake might have been highest just above the aerobic-anaerobic interface (i.e., at the sediment-water interface).
For the August 1984 sampling, both dissolved and particulate Mn were determined (Fig. 3) . The dissolved Mn(II) profile has a maximum at 50 m, 10 m above the sediment-water interface, and is probably a remnant of previous conditions when the hypolimnion was more stratified and more depleted in oxygen allowing Mn(II) to diffuse from the sediments. Subsequent destratification and oxygenation would account for the decreasing Mn(II) profile in the bottom due to scavenging of Mn(II) by sediment particles (including bacteria).
Correlated with the dissolved Mn(II) maximum at 50 m was a maximum in the oxidation rate (approximately 1.7 nM/h), a significant portion of which is attributable to biological activities (i.e., it was inhibited by azide). These results are in good agreement with the work of Tebo and Emerson [6, 7] in marine fjords, which demonstrated that Mn(II) oxidation follows typical Michaelis-Menten saturation kinetics. Thus, given the same number of Mn(II) oxidizers (as was observed during the August 1984 sampling; Fig. 3 ), the Mn(II) 27 oxidation rate should increase with increasing Mn(II) concentration so long as the Mn(II) concentration is not saturating (in the fjords Mn(II) became saturating at around 1-10 /IM [6, 7] ) and oxygen is not limiting.
We were also able to demonstrate that a significant proportion of the bacterial cfu detected in the Lake Washington samples possessed the ability to oxidize manganese, and that most of these cfu were able to pass through a 5.0-/zm pore-size filter. Pre-filtering of samples collected on 14 October 1982 with a 5.0-/~m pore-size filter eliminated azide-inhibitable activity, indicating that the manganese oxidizers we detected on the plates have little to do with those responsible for oxidation in the water. Another size fractionation experiment, in August 1984 ( Table 2) , indicated that roughly 50% or more of the manganese-oxidizing activity, depending on the control and the depth, was due to bacteria on particles in the > 5/~m size fraction, supporting the results of Chapnick et al. [3] from their study of manganese-oxidizing bacteria in Oneida Lake, NY, U.S.A.
We observed Metallogenium morphotypes in concentrations, distributions, and seasonal differences in Lake Washington similar to those previously reported [15] . Generally, low numbers of morphotypes are found in early summer and high numbers in late summer/autumn. Both Metallogenium morphotypes and particles on which a sizable portion of the inhibitable manganese activity occurred were collected on 5.0-/~m pore-size filters. This leads to the suggestion that these morphotypes may be important in the biological cycling of manganese in Lake Washington. However, the distribution of Metallogenium morphotypes in the present study was not always linked to the presence of biological manganese oxidation activity ( (Fig. 3) . These data suggest that if Metallogenium morphotypes in Lake Washington actively oxidize Mn(II), most of the population must be inactive both in early summer, when numbers of morphotypes are low, and in late summer/autumn, when numbers are highest.
Therefore, Metallogenium does not appear to account for a significant proportion of the biological manganese oxidation activity in this environment.
Metallogenium has been described as a mycoplasma-like organism that oxidizes manganese [9, 10, 30, 31] , and has been equated with Eoastrion in the fossil record [9, 31] . However, examination of Metallogenium morphotypes in Lake Washington and other lakes have led investigators to conclude that the morphotypes were not the living parts of the organisms [14] [15] [16] . These observations, combined with the data in the present study, suggest that these morphotypes are for the most part the result of strictly chemical binding/oxidation of manganese. Whether or not they originate biologically is a question that is still being debated (see reviews [31, 32] ). Some investigators have observed bacteria spatially associated with morphotypes [18] , while others have suggested the possibility of the morphotypes being a non-living organic matrix which catalyzes manganese oxidation [16] . If a mycoplasma (or another bacterium) were involved in the formation of the morphotypes, they may have reached the end of this current stage of their life cycle and become disassociated from the morphotype. Thus, the morphotypes would be inactive precipitates that are the result of a process rather than the cause of it.
From our data, it appears that Metallogenium morphotypes were not actively oxidizing manganese in Lake Washington during the times we measured it. To further elucidate the role of Metallogenium in nature, our approaches could be used in other lakes where Metallogenium is thought to be of significance [11, 13, 16] . Particularly, this approach should be used in Lac Lrman, where a recent investigation has shown the importance of these morphotypes in the manganese cycle of this lake [18] .
